We demonstrate a graphene-based electroabsorption modulator achieving extraordinary control of terahertz reflectance. By concentrating the electric field intensity in an active layer of graphene, an extraordinary modulation depth of 64% is achieved while simultaneously exhibiting low insertion loss (∼2 dB), which is remarkable since the active region of the device is atomically thin. This modulator performance, among the best reported to date, indicates the enormous potential of graphene for terahertz reconfigurable optoelectronic devices.
T erahertz (THz) technology, owing to its applications in many diverse areas such as astronomy, biomedicine, communications, defense, and so forth, has recently become one of the most dynamic fields of scientific research. 1 But the limited performance of available terahertz devices restricts the development of many of these applications. Although the past decades have seen increasingly rapid advances in terahertz technologies, particularly emitters and detectors, there is still a dire need for efficient reconfigurable devices such as active filters, modulators, and switches. 2 Terahertz modulators are structures capable of actively controlling the amplitude (or phase) of the transmitted (or reflected) waves. Applications of these devices include: power stabilization of terahertz sources in spectroscopy, 3 carrier-wave modulation for terahertz band communication systems, 4 switches for coded aperture terahertz imaging, 5 and so forth. Device proposals so far rely on directly modifying the device geometry (e.g., in MEMS 6 ) or effectively modifying material properties (primarily optical conductivity) of the tunable elements. For instance, metal-gated semiconductors can provide room-temperature broadband intensity modulation but with low modulation depth 7 (∼ 6% intensity modulation was experimentally demonstrated 8 ). By employing graphene as an active "gate", a remarkable broadband modulation of ∼20% was recently reported, 9 though short of the theoretical expectation of unity modulation due to the quality of the large area graphene currently available. Taking advantage of the plasmonic effects, a modulation depth of ∼13% was also observed at room temperature employing an array of gated graphene stripes; 10 a higher modulation depth was reported in GaN plasmonic structures but at cryogenic temperatures. 11 Since larger modulation depths are required for various applications, more efficient structures such as active terahertz metamaterials 12 are still the most promising alternatives. In many of these metamaterials, the change of conductivity, and thus free carrier absorption in a semiconductor active region, located between periodic metallic patterns (i.e., frequency selective surface), translates into an exceptional control over terahertz wave at frequencies close to the structure intrinsic resonance. This significant tuning can be understood on the basis of an electric field enhancement in the device active region. In this letter, we demonstrate an extremely simple, efficient, and polarization independent terahertz modulator, which employs atomically thin graphene layers as the active material and achieves modulation depth comparable to the state of the art while simultaneously exhibiting much lower losses.
Since its discovery, graphene has attracted much attention in the research community due to its remarkable electrical and mechanical properties. 13, 14 For instance, graphene high-speed transistors with an intrinsic cutoff frequency near 300 GHz were recently demonstrated, 15 as well as flexible electronics 16 and so on. In the optical range, graphene has also shown promising device performance, for example, in high-speed infrared (IR) electro-absorption modulators, 17 transparent electrodes, 18, 19 and photodetectors. 20 The optical absorption of graphene can be described based on the contributions of inter-and intraband transitions and plasmonic effects, therefore leading to two distinct regions of operation: 21 first, the IR/ visible range where interband transitions dominate and optical conductivity has either a weak dependence on the Fermi level or is a constant, and second, the lower terahertz range, where optical conductivity is mainly due to intraband transitions, wellrepresented by a Drude model, 22 and closely follows the electrical conductivity. In the terahertz range, by electrostatically tuning the density-of-states (DOS) available for intraband transitions, terahertz beam transmittance can be effectively controlled. 7, 9, 23 Graphene also enables very low insertion loss (<0.5 dB) owing to its small minimum conductivity. 9 In addition, taking advantage of plasmonic effects in patterned graphene, the possibility of actively manipulating waves in the upper THz/far-IR range was recently demonstrated. 10 The device considered in this work ( Figure 1a ) consists of a single-layer of graphene on top of a SiO 2 /Si substrate with a metal back gate, which also acts as a reflector. The electrical control mechanism is similar to the one previously employed in broadband transmittance modulators: by applying a voltage between the top graphene layer and the back metal, the carrier concentration and thus the absorption of terahertz waves in graphene is tuned. Although carriers of the opposite type in graphene are accumulated near the capacitively coupled SiO 2 / Si interface, their influence in modulator performance can be neglected 9 as the mobility of these carriers in Si is much smaller than those in graphene. When the Fermi level in graphene is tuned at the Dirac point (V = V CNP ), the terahertz absorption by the modulator is minimum. On the other hand, when the Fermi level shifts into valence (π) or conduction band (π*) of graphene, the density of states available for intraband transitions, and thus the optical absorption, increases. Since the back metal acts as both an electrode and a reflector, the terahertz wave intensity is zero at the back metal; the wave strength in the active graphene layer on top depends on the substrate optical thickness and the terahertz wavelength. As shown in Figure 1b , when the substrate optical thickness is an odd-multiple of the THz wavelength, the field intensity in graphene is at maxima. Consequently, very large absorption swings, that is, extraordinary modulation, can take place when graphene conductivity is tuned. On the other hand, if the substrate optical thickness is an even-multiple of the THz wavelength, graphene does not absorb, the modulator reflectance becomes unity and independent of its conductivity, since the field-intensity is zero in the active graphene layer. A similar idea was adopted recently by Lee et al. 24 to demonstrate a reflectance modulator using graphene in the IR range. However, the observed modulation depth was only 4% because of the small tunability of graphene absorption in the IR range at normal incidence, which is not the case in the THz band. 7 Theoretical analysis of the dependence of reflectance on graphene conductivity and substrate optical thickness is shown in Figure 1b . Given that the optical thickness of the SiO 2 (<100 nm) is much smaller than the THz wavelength (∼ 500 μm in air at 600 GHz), its effect can be neglected. 9 For the same graphene conductivity swing reported in ref 9 (between 0.2 and 0.9 mS), a modulation depth of 70% (4× larger) with an insertion loss of 1.5 dB is expected. These devices can potentially operate with an insertion loss as low as 1 dB and a modulation depth approaching 95% if the large area graphene and insulator quality allow its conductivity to be tuned between the commonly observed DC minimum conductance of 4e 2 /h ∼ 0.15 mS 25 and a maximum conductivity approaching 1.8 mS. Since the top graphene is not patterned, the modulator is intrinsically polarization-independent.
The modulator was fabricated using chemical vapor deposition (CVD) graphene grown on copper. 26 The p-Si substrate is highly resistive (ρ ∼ 1000 Ω·cm) with a 70-nm thick SiO 2 grown thermally. Graphene was transferred by means of poly(methyl methacrylate) (PMMA) and wet etch methods. Metal contacts (Ti/Au) were deposited on graphene and the back side of the Si substrate, as depicted in the device schematic (Figure 1a) . Finally, the graphene surface was covered with a thin layer of PMMA. After fabrication, the device was characterized using a terahertz imaging and spectroscopy setup 27 based on a Virginia Diode, Inc. (VDI) multiplier source, capable of providing continuous wave (CW) radiation in the 570−630 GHz frequency band and a broadband Schottky diode detector. 28 In all of the experiments the beam was at normal incidence to the samples. A sketch of the setup is presented in Figure 2a . Two control samples were also used: a bare Si substrate and a Si substrate with the metal Figure 1 . Structure of the graphene electro-absorption modulator and operating principle: (a) Schematic of the terahertz modulator. The single-layer graphene was transferred onto a SiO 2 /p-Si substrate. The top and bottom metal contacts were employed to tune the graphene conductivity. The electric field intensity exhibits a node at the back contact since it also acts as a reflector. Typical band diagrams for various voltages (V) are depicted on the right. When the Fermi level in graphene is tuned to Dirac point (V=V CNP ), reflectance is at its maxima. (b) Calculated power reflectance as a function of the substrate optical thickness normalized to terahertz wavelength for different graphene conductivities. When the substrate optical thickness is an even-multiple of a quarter-wavelength, the electric field intensity vanishes in the graphene layer, therefore leading to zero absorption. On the other hand, if the substrate optical thickness is an odd-multiple of a quarter-wavelength, absorption can be extraordinarily tuned. back reflector. The terahertz transmittance characteristics of the bare p-Si wafer are shown in Figure 2b ; the frequencies at which substrate optical thickness is an even (odd) multiple of a quarter-wavelength were found to be ∼590 (620) GHz. The device intensity reflectance (R) was obtained by normalizing the reflected power to that of the control Si substrate with a back reflector. Since the device area is ∼1 cm 2 , the modulator static characteristics were measured in the region about 1.5 mm diameter (the terahertz beam size) that shows higher modulation depth. All measurements were carried out at 300 K.
Reflectance as a function of frequency for various voltages between the top contact to the graphene and the back metal is shown in Figure 3a . The measured reflectance closely follows the expected theoretical trend: at ∼590 GHz the reflectance is independent of voltage, while at ∼620 GHz it can be extraordinarily controlled. At the frequency with the highest modulation, the normalized reflectance (defined as: R(V)/ R(V CNP )) is plotted as a function of voltage (Figure 3b ). The reflectance maximum was obtained at a voltage of −10 V, corresponding to the Fermi level in graphene being at the Dirac point (V = V CNP ). When the voltage increases (V > V CNP ), the hole concentration in graphene (p-type) rises, the reflectance falls as the available density of states for intraband transitions increase. When V < V CNP , the reflectance also drops as the graphene starts to turn into n-type. Sketches of the band diagrams for graphene at different bias conditions are provided in Figure 3b . Since the oxide leakage starts to sharply augment around 20 V, the voltages applied in this work are limited to the range of −20 to 20 V.
Modulation depth, defined as:
, as a function of frequency is plotted in Figure 3c . The maximum modulation depth, which occurs near 620 GHz, is 64%. The associated insertion loss is slightly <2 dB owing to the relatively high minimum conductivity achieved in this particular graphene sample (∼ 0.3 mS). Nevertheless, this is a remarkably low insertion loss, especially considering the structural simplicity of the device and the extraordinary modulation depth achieved. Previously demonstrated experimental results of electrically driven modulators that show similar modulation depths (i.e., modulation depth >50%) exhibit larger insertion loss, as shown in Figure 3d .
The speed of this device is limited by its RC time constant; the modulation amplitude was measured as a function of frequency for voltage swings between [0, 6] V and [6, 12] V (Figure 4a) . The 3 dB cutoff frequency was estimated to be ∼3.5 kHz and ∼4.0 kHz, respectively. This trend is expected since the average conductivity in the [0, 6] V range is smaller than that in the [6, 12] V as inferred from Figure 3a . Speed can be improved by reducing the device area to be comparable to the THz wavelength. Power transmittance through a bare Si wafer. The frequency at which the substrate optical thickness (t) is an even-multiple of a quarter of the terahertz wavelength is between 580 and 590 GHz, while the frequency at which it is an odd-multiple is between 610 and 620 GHz. 12,29−32 The graphene-based device presented in this work is extremely simple, and the graphene quality is not optimal; it, nevertheless, delivers one of the best performance considering these two modulator metrics simultaneously.
Spatial maps of reflectance modulation versus position (Figure 4b ), acquired using an X−Y 2D mechanical stage, show appreciable modulation (ranging from ∼40% to 64%) everywhere across the active graphene layer. The nonuniformity in modulation is attributed to the nonuniform graphene quality (spatially varying minimum conductivity, mobility, thickness, etc.), which most likely stemmed from the fabrication process. THz imaging in both transmission 9 and reflection modes can be employed to nondestructively characterize the quality and uniformity of a thin conducting film including graphene, 33 semiconductors, metals, 34 and so forth. Benefitting from the field concentration, THz mapping in the reflection mode offers a better sensitivity.
In conclusion, we have demonstrated exceptional control of terahertz reflectance in a graphene-based electro-absorption modulator, which is also polarization-independent. More than 64% modulation depth, with a insertion loss <2 dB and a modulation speed around 4 kHz, is observed, which is so far among the best performances of all experimentally reported electrically driven terahertz intensity modulators. This is remarkable considering that the active region of the device is atomically thin. The ease of fabrication and integration of this intrinsically 2D material allows the use of graphene as the tunable element in structures like the one presented in this letter or more complex metamaterial structures to further optimize the device performance. 
